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We show that when following a simple cavity design metric, a quantum well exciton-microcavity photon
coupling constant can be made substantially larger than the exciton binding energy in GaAs-based optical
microcavities. Consequently the very strong coupling regime becomes accessible in which a strong asymmetry
between upper and lower polariton branches may be observed experimentally. We further show that the
corresponding polariton dissociation and saturation boundaries on the phase diagram are much extended, which
suggests the possibility of constructing a room temperature, high power exciton-polariton laser without resorting
to wide band-gap semiconductors.
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I. INTRODUCTION
Coherent properties of exciton-polaritons in semiconductor
optical microcavity (MC) have recently attracted great interest
worldwide. Dynamic condensation,1,2 superfluidity,3,4 and
vortices5,6 have been observed experimentally; additionally a
variety of novel optical MC designs beyond the traditional
planar type are being proposed and studied.7–10 In these
systems, polaritons are in the strong coupling regime in which
the photon-exciton coupling constant is larger than the loss
rates of photon and exciton components. If the coupling
constant can be further enhanced and made even larger than
the exciton binding energy, polaritons may enter the so-called
very strong coupling regime, first studied by Khurgin et al.,11,12
in which the properties of upper polariton (UP) and lower
polariton (LP) are strongly modified. Unique features such as
unequal photon and exciton fractions at resonance, reduction of
relative electron-hole motion, and asymmetrical Rabi splitting
have been predicted, but so far the experimental evidences in
the literature are elusive. This is mostly due to the fact that
the coupling constants in GaAs-based optical MCs are usually
on the order of a few meV, which is smaller than the quantum
well (QW) exciton binding energy EB at around 10 meV.
Note that the very strong coupling discussed here should
be distinguished from the ultrastrong coupling regime13–15
referring to the scenario where the photon-electron coupling
constant associated with QW intraband transition becomes
comparable to the intraband transition energy.
Another distinct feature of an exciton-polariton is that its
effective mass is about eight orders of magnitude smaller than
that of its atomic counterpart. The critical temperature of phase
transition may reach up to room temperature (RT) or higher,
which opens up exciting opportunities in constructing new
classes of coherent optoelectronic devices such as ultralow
threshold lasers for real-world applications. With that being
said, the effort on studying RT polariton condensate has
so far been limited to wide band-gap semiconductors such
as GaN,16,17 ZnO,18 or organic material.19 While exciton-
polaritons in these materials are stable at RT because of the
large exciton binding energy and the strong photon-exciton
coupling strength, significant inhomogeneous broadening is
often the issue that strongly obscures the experimental data
and interpretations. On the other hand, GaAs, a material that
is arguably the cleanest and the most mature platform for
semiconductor photonics research, is seldom considered a
candidate for RT polariton condensation despite that strong
coupling can be readily reached near RT.20–22 This is mainly
due to the fact that the EB is smaller than the RT thermal
energy kBT at around 26 meV, so an exciton is unstable and
may dissociate into a free electron-hole pair when suffering
from phonon collisions.
In this paper, we first reexamine a conventional distributed
Bragg reflector (DBR) MC and optimize its coupling to multi-
ple QWs. We find that the maximally possible photon-exciton
coupling constant g is obtained by carefully engineering the
MC effective refractive index, and the mode volume plays no
role in the end. By applying this design metric, we further
propose the use of a guided mode resonance (GMR) MC
to reach the full potential of GaAs-based optical MCs. We
can obtain g substantially larger than EB , which surpasses
the largest reported value in the literature23 and enforces
the system entering deeply into the very strong coupling
regime. Phase diagrams of exciton-polaritons in the very strong
coupling regime are accordingly constructed, and we find
that, surprisingly, a dissociation temperature Td higher than
300 K as well as a saturation density per QW, ns , larger than
1012 cm−2 can be reached. Contrary to the common belief,
our results suggest that the wide band-gap semiconductors are
not essential for RT polariton condensation. Benefiting from
our experimental proposal, a wide range of quantum optical
systems such as strongly interacting coupled MC array24 or
nonclassical photon source array25 that requires a superior
material quality may be implemented at RT.
II. MICROCAVITY DESIGNS
To being with, a conventional DBR MC is considered
assuming GaAs QWs are embedded in AlAs matrix and the
DBR quarter-wave layers are made of AlAs/Al1−xGaxAs; x
is the mole fraction of Ga atoms. To maximize g, we have N
QWs per antinode inserted at all electric field antinodes, so that
not only in the cavity region but also in the DBR region there
are QW excitons coherently coupled to MC photons. The total
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FIG. 1. (Color online) (a) Coupling constant plotted as a function
of external effective length given four different internal effective
lengths. Open squares are calculated via numerical method with finite
DBR pairs; solid lines are calculated via analytical formula with
infinite DBR pairs. (b) Coupling constant [the same open squares
from (a)] plotted as a function of mode effective length. Blue solid
lines/green dashed lines are fitting curves to coupling constant/mode
effective index. We assume one QW per antinode.
coupling constant can be calculated by g =
√∑
i g
2
i , where gi
is the coupling constant seen by an individual QW. We derive
an analytical approximation of the total coupling constant for
these DBR MCs assuming infinite DBR pairs (see Appendix).
Further verifications are performed numerically by the transfer
matrix method with finite DBR pairs of which its number is
set by the condition that the peak-to-boundary electric field
ratio Epeak/Eboundary is 102. The following parameters are
used in our calculations: Cavity wavelength λ0 is 850 nm;
GaAs and AlAs refractive indices are 3.64677 and 3.00153;
two-dimensional (2D) oscillator strength f2D of GaAs QW
excitons is 7 × 1016 m−2. In Fig. 1(a), we plot the coupling
constant g as a function of external effective length Lext,
which is tuned by the refractive index contrast between the
quarter-wave layers in the DBR with different mole fraction x.
Various internal effective lengths Lint are also given, which
are controlled by the cavity physical length Lc. Note that
Lext + Lint = Leff is defined, where Leff is the mode effective
length. It can be seen in Fig. 1(a) that the results derived
from the analytical approach and the numerical method match
very well. More importantly, the coupling constant goes down
when the effective lengths decrease, a trend that is opposite to
the case in cavity quantum electrodynamics system such as a
quantum dot coupled to a MC.
Such a counterintuitive result can be explained by a simple
Fabry-Pe´rot model: Assuming a dielectric layer is sandwiched
between two perfect mirrors, g for N QWs inserted per
antinode can be derived as
g =
√
Ne2f2D
ncε0meλ0
, (1)
where nc is the cavity refractive index. Note that g in this
Fabry-Pe´rot model is independent of effective lengths because
an increase of cavity size (g reduced) implies more QWs can be
accommodated (g enhanced) and so the net effect is canceled.
This is true only in a one-dimensional (1D) MC and the change
of g in Fig. 1(a) is simply a reflection of adjusting the mode
effective index neff . To more clearly illustrate the concept,
we have all coupling constants calculated by the transfer
matrix method plotted in Fig. 1(b) as a function of mode
effective length, and the corresponding mode effective index
is accordingly calculated. A clear correlation can be seen in
that the saturation of g when Leff increase is determined by the
condition neff ≈ nc. Based on the above studies, we propose
using two GMR mirrors with low refractive index material in
between to form an optical MC so that the electromagnetic
energy can be tightly concentrated in the low refractive index
region. An exemplary structure is shown in Fig. 2, where GMR
is coupled by a 1D photonic crystal through-etch pattern and
the background material is assumed to be Al2O3 (nc = 1.652)
obtained by wet oxidizing AlAs.
It is known that a GMR mirror utilizes Fano-like resonances
and can be highly reflective, and is a potential candidate to re-
place the thick DBR layers in a vertical-cavity surface-emitting
laser (VCSEL).26–29 For the proof-of-principle purpose, we use
the finite-difference time domain (FDTD) method to design
the GMR MC shown in Fig. 2. Given a transverse electric
(TE) polarized wave, the reflection spectrum of a single GMR
mirror, formed by the overlap of two low-Q Fano resonances
at 860 and 940 nm, is calculated and shown in Fig. 3(a). The
period , space a, and thickness t of a GMR slab are optimized
to be 506, 243, and 201 nm, respectively, so that at λ0 equal
to 850 nm the electromagnetic energy tends to concentrate
in Al2O3 [see inset of Fig. 3(a)]. From Figs. 3(b) to 3(e),
the normalized spatial distribution of electric field magnitude
square |Ez|2 in a GMR MC is plotted with different Lc. The
distance d between the two GMR mirrors is fine tuned to
position λ0 equal to 850 nm. It can be seen that the majority of
electromagnetic energy is well confined in the Al2O3 region so
a large g is expected. Indeed, the calculated g increases with Lc
as the photon “sees” more of the low refractive index region;
e.g., when Lc = 5λ0, g as large as 14 meV can be obtained
assuming N = 4, and will ultimately saturate at 16.6 meV if
FIG. 2. (Color online) The proposed GMR MC. QWs are inserted
at all electric field antinodes and are not drawn for visual clarity. The
background material is assumed to be Al2O3.
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FIG. 3. (Color online) (a) Reflection spectrum of a single GMR
mirror. (b) Distribution of z-component electric field magnitude
square in one periodic cell of a GMR MC made of Al0.2Ga0.8As/Al2O3
with Lc equal to (b) 2λ0, (c) 3λ0, (d) 4λ0, (e) 5λ0. The corresponding
coupling constants are 11.6, 12.7, 13.4, and 14.0 meV, respectively.
We assume four QWs per antinode.
Lc is further prolonged. Note that in our FDTD simulations
presented here, the physical presences of QWs are neglected.
We have numerically confirmed that even if the materials of
QW layers are included in the GMR MC, the resultant g and
Q (always larger than 6000) change very slightly and will not
influence the conclusion drawn in this paper.
III. VERY STRONG COUPLING AND ROOM
TEMPERATURE CONDENSATION
Since g now may exceed EB in these optimized GaAs MCs,
the effect of very strong coupling needs to be taken into con-
sideration so that the electron-hole Coulomb interaction and
photon-exciton coupling can be handled on an equal footing.11
We apply a variational formalism assuming a polariton is
mathematically described by the linear superposition of an
exciton and a photon, i.e., |ψpo〉 = α|ψex〉 + β|ψpt〉. Here α
and β are the Hopfield coefficients for exciton and photon
components. A trial wave function used for the relative motion
of electron-hole pairs is ψex(r) =
√
2/π λ/a0 e−λ/a0r , where λ
represents the reduction factor of a 2D exciton Bohr radius a0.
FIG. 4. (Color online) (a) Exciton fraction of LP plotted as a
function of energy detuning and coupling constant. (b) Bohr radius
reduction factor of LP plotted as a function of energy detuning and
coupling constant. (c) Solid/dashed lines are LP and UP energies
calculated with/without variational formalism.
The system Hamiltonian can be written as
H = Hk + He−h + Hpt + Hex-pt, (2)
where Hk = h¯2∇r/2μ + h¯2∇R/2M is the kinetic energy from
the relative and center-of-mass motions of an electron-
hole pair; He−h = −e2/4πεrε0r corresponds to the attractive
Coulomb interaction between an electron and a hole; Hpt is the
MC photon energy; Hex-pt corresponds to the coupling between
a QW exciton and a MC photon. Polariton eigenenergies and
eigenstates can be determined by minimizing Eq. (2) with
α and λ as two variational parameters (see Appendix). In
Figs. 4(a) and 4(b), we plot the exciton fraction and the
Bohr radius reduction factor for LP as a function of g and
MC photon–QW exciton energy detuning 	. When g/EB is
sufficiently large, an increase of photon fraction at 	 = 0
emerges so that α2 is smaller than 50%. The 2D exciton Bohr
radius is reduced at the same time, approaching the values in
wide band-gap semiconductors. All these prominent features
are significantly different from the cases in the standard strong
coupling regime. In Fig. 4(c), the UP and LP eigenenergies
(solid lines) at 	 = 0 are calculated as a function of g, in which
a strong asymmetrical energy splitting can be observed. For
the comparison purpose, a standard Rabi splitting that linearly
increases with g (dashed lines) is also presented in Fig. 4(c).
It is shown that the effect of very strong coupling would
efficiently stabilize LP by lowering its eigenenergy at a rate
that is faster than the case of standard strong coupling. On the
contrary, UP becomes unstable as its eigenenergy converges
to the zero energy that corresponds to a free electron-hole
pair. These fine features can be clearly resolved with our
experimental proposal in which g/EB can be pushed larger
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than 1.6. Note that so far the largest reported g/EB in the
literature is about 0.8 given EB = 10 meV.23
To show our GaAs-based optical MCs can be used for RT
polariton experiments, we consider the following scenario:
Within the LP lifetime τLP, the probability P that a polariton is
destroyed by phonon collisions is proportional to the collision
rate γpn associated with the exciton content of a polariton. In
addition, an energy at least larger than LP energyELP minus LP
energy half-width γLP/2 must be gained by a polariton during
its collision with phonons to break into a free electron-hole
pair. These conditions can be mathematically formulated as
P = α2γpnτLP
(
1
2
− 1
π
arctan
ELP
γLP/2
)
, (3)
assuming the LP line shape is Lorentzian. For QW excitons in
GaAs systems, the phonon collision induced homogeneous
broadening can be well modeled by the equation γpn =
γAT + γLO/[exp(h¯ωLO/kBT ) − 1].20,21 γA (4.4 μeV/K) and
γLO (15.2 meV) are the two phenomenological constants
representing the contributions from acoustic and LO phonons,
and h¯ωLO (36 meV) is the LO phonon energy. τLP =
h¯/(α2γex + β2γpt), where γex (1.3 μeV) and γpt are the
radiative energy full-widths of QW excitons and MC photons.
γLP = α2(γinh + γpn + γex) + β2γpt, where γinh (1 meV) is the
material inhomogeneous broadening. In Fig. 5(a), we calculate
the disassociation temperature at 	 = 0 by using the condition
P = 0.01 and assuming Q = 4000. We find that when g/EB
is larger than 1, Td larger than 300 K becomes possible. The
ratios of LP energy to LP energy half-width are also plotted
FIG. 5. (Color online) (a) Dissociation temperature and the ratio
of LP energy to LP energy half-width plotted as a function of coupling
constant. (b) Polariton phase diagrams for three different structures.
Solid curves mark the phase transition from thermal polaritons to
condensed polariton. Vertical dashed lines indicate the polariton
thermal dissociation temperatures; horizontal dashed lines indicate
the polariton nonlinear saturation densities. We assume four QWs
per antinode.
in Fig. 5(a), and their values coincidently match well with the
literature experimental data.16,17
In Fig. 5(b), we construct the phase diagrams of exciton-
polaritons in GaAs-based optical MCs, considering the best
experimental structure that exists in the literature,23 an opti-
mized DBR MC, and an optimized GMR MC. The critical
density or temperature is calculated by integrating the Bose-
Einstein distribution at zero chemical potential along a radially
symmetrical in-plane wave vector, with the assumption that the
2D polaritons are trapped in a 50-μm-radius laser spot.30 The
vertical dashed lines are the corresponding Td calculated at
P = 0.01, and the horizontal dashed lines are the correspond-
ing ns calculated by α2ns ≈ λ2/(9πa20) due to phase-space
filling and fermionic exchange interaction.31 For the DBR
MC with Lc = 0.5λ0/nc (best structure in the literature), the
DBR MC with Lc = 4λ0/nc, and the GMR MC with Lc =
5λ0, the dissociation temperatures are 261, 355, and 429 K,
respectively; the saturation densities per QW are 6.4 × 1011,
1.4 × 1012, and 2.3 × 1012 cm−2, respectively. N = 4 and
	 = 0 are used in these calculations. The trend is apparent: By
following our simple cavity design metric, we may have the
system enter the very strong coupling regime, which further
increases λ, lowers ELP, and decreases α. The net effect
significantly improves the saturation and dissociation limits
of exciton-polaritons in GaAs-based optical MCs, so that an
observation of polariton condensate at RT becomes accessible.
IV. CONCLUSION
To summarize, we propose an experimental scenario to
observe the very strong coupling in GaAs-based optical MCs.
Such a regime exists uniquely in excitonic systems and our
proposal opens up the possibility to validate and explore the
phenomenon experimentally. Furthermore, we show that the
polariton condensate on GaAs platform can be stable even at
RT by entering the very strong coupling regime, which paves
a new way for studying macroscopic quantum coherence in
semiconductors.
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APPENDIX: DERIVING THE COUPLING CONSTANT
OF DBR MICROCAVITY AND THE VARIATIONAL
FORMALISM OF VERY STRONG COUPLING
If the DBR consists of two dielectric materials with
alternating refractive indices n1 and n2 (n1 > n2), it can be
shown from the dispersion relation of a 1D photonic crystal
that the mirror field amplitude attenuates at the rate of e−n1/n2z.
Assuming the cavity field amplitude is uniform, we may derive
an analytical approximation of the total coupling constant,
g = g0
√
N
[
2s − 1 + 2
1 − (n2/n1)2
]
, (A1)
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for GaAs cavity (nc = n1), and
g = g0
√
N
[
2s − 2 + 2
1 − (n2/n1)2
]
(A2)
for AlAs cavity (nc = n2), given N QWs inserted per antinode.
s is the cavity order and g0 =
√
1
4πε0n2c
πe2f2D
meLeff
is the coupling
constant of a single QW at the electric field maximum.
Effective lengths are defined by
Leff = s − 0.52 λ1 + 2
n21f1 + n22f2
n21 − n22
(A3)
for GaAs cavity, and
Leff = s − 0.52 λ2 + 2
n21f2 + n21f1
n21 − n22
(A4)
for AlAs cavity, where f1 = −a
2+2k21 [exp(aλ1/4)−1]
a(a2+4k21 )
, f2 =
a2+2k22 [1−exp(−aλ2/4)]
a(a2+4k22 )
, and a = 8
λ0
n1n2
n1+n2 ln
n1
n2
. λ0, λ1, λ2, k1, k2
are free-space wavelength, wavelengths in medium 1 and in
medium 2, and wave numbers in medium 1 and in medium
2, respectively. The first and second terms in (A3) and
(A4) are the internal and external effective lengths, i.e.,
Lint and Lext. Note that the cavity physical length Lc =
2Lint.
In the variational formalism, the ground-state energy
normalized by exciton binding energy can be derived as
E
EB
= α2λ2 − 2α2λ + β2δ − 2αβγλ + d, (A5)
where d = α2 h¯2K2R2MEB + β2
h¯ω0
EB
[
√
1 + (KR
KZ
)2 − 1], γ = g
EB
, and
δ = −1 + 	
EB
. KR , KZ , ω0, g, and 	 are in-plane wave
number, longitudinal wave number, cavity angular frequency,
coupling constant, and photon-exciton energy detuning, re-
spectively.EB = h¯2/2μa20 is the exciton binding energy, where
μ = 1/(m−1e + m−1h ) and a0 = 2πεrε0h¯2/μe2 are the reduced
mass and the Bohr radius. M = me + mh is the center of mass.
The terms in Eq. (A5) correspond to the kinetic energy of rel-
ative electron-hole pair motion, Coulomb interaction, photon
energy, photon-exciton coupling, and the kinetic energy of
center-of-mass polariton motion. By minimizing the ground-
state energy, the variation parameters λ can be derived as
λ = 1 + βγ
α
, (A6)
and the variation parameter α can be derived by
(4 + f 2)α4 − (4 + f 2)α2 + 1 = 0, (A7)
where f = {γ 2 − 	
EB
+ h¯2K2R2MEB −
h¯ω0
EB
[
√
1 + (KR
KZ
)2 − 1]}/γ .
Note that if f > 0, α2 < 0.5; if f  0, α2  0.5. In the
special case of KR = 0, α2 = 12 −
√
1
4 − [4 + (γ − 	γEB )2]−1
and it is straightforward to show that E = −λEB . In addition,
the system Hamiltonian can now be represented by a simple
2 × 2 matrix, [−EB g
g −EB + 	 − g2EB
]
, (A8)
using |ψex〉 and |ψpt〉 as base vectors.
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